Management of a river imposes a task for several institutional levels in every part of the world, especially when reservoirs are the main flow drivers. The research presented herein shows how management of the flow in a reservoir driven system can be modeled by using an inference simulation model between two sets of variables, as an alternative to an approach based on an optimization model. The first selected variables are the explanatory ones, which refers to the relation between the operation of reservoirs and the input hydrographs to each of the considered reservoirs. The second set of variables are descriptive and refers to the resulting flooding hydrograph at a hydrological station located downstream of the reservoir network. The Yellow River, in China, is chosen to demonstrate the concept, however the methodology can be applied in practice for any reservoir driven system. In the mid stream of the Yellow River, a system of four reservoirs was built to manage flooding, using daily information and taking daily decisions. The proposed method uses a simplified simulation model of the actual reservoir operation to determine a multiple linear regression model between the set of explanatory and descriptive variables. The set of explanatory variables is very large and the demonstration is done on a selected subset of variables. Each selection of an explanatory variable is based on a correlation analysis with respect to the original set. Analysis of the model results shows that the reduction of the number of variables does not decrease the model fitness and robustness.
Introduction
Most of the large rivers in the world are managed by basin authorities in order to achieve different objectives, such as water supply, hydropower development, flood protection, etc. These large river systems are usually managed by building reservoirs. All the operational decisions are done by simulating the behavior of the systems using physically based mathematical models combined with optimization techniques (Dinh et al, 2012; Gichamo et al, 2012; Popescu et al, 2012) . The research presented in this paper proposes a descriptive approach, based on simulation, as an alternative to optimization-based approaches. In the proposed approach the support to decisionmaking in flood conditions is not generated in a prescriptive form, as for most of the optimization based approaches, but implicitly in a what-if fashion: given the observed hydrograph, the operator can get insight on the anticipated behaviours of the system for different operation strategies. All demonstrations are done using the case of Yellow River, which is a large river and has the particularity that all flows in the most downstream part are reservoir driven.
The Yellow River (also known as Huang He), originates from the Tibet highlands, in West China and flows East passing through nine provinces and autonomous regions. The river springs at an elevation of 4,500 m.a.s.l, has a total length of 5,464 km, a basin area of 795,000 km 2 , and eventually discharges into the Bohai sea. According to its basin size, the Yellow River is the second largest river in China, also known as "the cradle of Chinese civilization". The basin has a continental climate, and it is located in the semi-humid and semi-arid zone of west and middle China (Xu and Zhang, 2006) .
Traditionally the Yellow river is divided into three reaches: upper, middle and lower reach ( fig.1 ). The basin of the upper reach is less populated because of its harsh environment. The basin of the middle reach has two components: a northern region where the river flows from north to the south, named the Loess Plateau; and a lower basin, where the biggest reservoirs are located (fig 2) . These reservoirs were built in the last 50 years, first one (Sanmenxia) in 1957 and last one (Xiaolangdi) in 2001.
The basin of the lower reach of the Yellow river is known as the "hanging river" part, where water is conveyed downstream within the dykes build along the river. Except for a small region near Taishan mountains, the area outside the river dikes is no longer part of the catchment area, because the river is an isolated channel. As such, the lower river reach, simply conveys the flow from the middle reach to the Bohai sea. Adequate water management in the Yellow River is always a need, due to the continuous development of economical activities in the area. The hanging river channel leads to serious flooding threats to area of the NorthChina plain, which covers the provinces of Henan, Shandong, Anhui, Jiangsu, Hebei and Tianjin city. This area has always been the most densely populated region in China. In the past 2,600 years (before late 1940s), the lower Yellow River has changed its channel 26 times (Gao et al, 1991) , and had 1,590 embankment failures (on average two times every three years), causing causalities and severe damages to farmlands on a vast area (250,000 km 2 ). Chinese Government has made a large number of investments in the area with the aim of reducing the impact of floods in the region. The Yellow River Conservancy Commission (YRCC), a big branch of the Ministry of Water Resources of China, was established in 1946, to manage the Yellow River, with one of its major roles being flood control and management. YRCC also acts as the Yellow River Flood Control and Drought Relief Command Headquarters.
In the last sixty years, great effort has been made to enhance the safety of the lower Yellow River (Li, 2005) . One of the many structural measures developed during the last 50 years in the Yellow river was the establishment of a four reservoir system in its middle reach; Xiaolangdi, Sanmenxia, Guxian and Luhun ( fig. 2) . Two reservoirs are located in series on the main Yellow River reach and two others located on two parallel tributaries ( fig. 2 ). The reservoir system is able to hold a total water volume of 179.33*10 9 m 3 , and with all the structures such as weirs, gates, spillways and tunnels a maximum discharge of 50,000 m 3 /s can be released downstream. All river braches, downstream of the reservoirs, meet at Huayuankou, where a hydrological station is located.
Currently there are plans to perform an expansion of the reservoir system by adding two more dams, which will be able to manage big flooding events on the Yellow River tributaries. Such a complex system needs constant update of the simulation models describing it, in such a way that they describe and forecast the behaviour of the system under different operation scenarios (Wang et al., 2007) . During flooding events, flood mitigation measures are taken by decision makers during meetings held every six to eight hours. Depending on the magnitude of the event, the operation of the reservoirs is updated on hourly basis.
The main problem of YRCC while managing the reservoir operation during a flooding event is that it is not possible to have a complete picture of the development of the flooding event, for every chosen mitigation alternative. The operation of the reservoirs is done in real time, mostly based on the experience of the decision makers and on the knowledge of the operators. This approach is valid for many river systems in the world.
The main aim of the research presented herein is to show how the operation of such a complex system of reservoirs can become efficient if decisions are made through model analysis. The study proposes the use of an inference model between the main variables characterising the operation of the reservoirs and the flooding taking place in the downstream.
This introductory section of the paper is followed by a presentation of the main specific reservoir operation requirements for the Yellow River in Section 2. The analytical formulation and development of the inference model is presented in Section 3. Section 4 of the paper presents results and discussion followed by a conclusion section.
Modeling reservoir operation at YRCC
A reservoir is seldom built just for one purpose. In case that there are many uses for a reservoir, its operation generally requires meeting several conflicting purposes. These conflicting purposes are modeled by representing them as maximization or minimization of several objective functions. Different software applications can be used to simulate operation of reservoir systems. In the last 30 years a lot of effort has been done in developing simulation and optimization algorithms for reservoir operation (Hassaballah et al, 2012; Rani and Moreira, 2010) . At YRCC many alternatives had been explored in the past (Guoying, 2010) . The preferred approach for representing the reservoir operation at YRCC is simple simulation models rather than optimization, because of the challenges that the operation of the Yellow River reservoirs has to address; providing maximum energy, flood control and ensuring environmental downstream flow.
The first challenge to be addressed by the YRCC reservoir operation model are the singularities in the reservoirs characteristic curves, such as those seen in figure 3 . For example, in case of the Xiaolangdi reservoir, when a flood event occurs the releases to the downstream are restricted to a maximum discharge of 16,000 m 3 /s. Operationally this is done by closing two of its release structures. If at the same moment water level of the reservoir is at 250 m.a.s.l. (figure 3) the effect of the closure will be a faster increase in the water level of the reservoir, which in turn will require a higher release, hence an increased flood risk. The fast increase in water level triggers the need of operators to take decisions and act very fast in order to maintain the safety of the dam while reducing the flood risk downstream. One solution to the problem would be to set the maximum operative water level of the reservoir below the threshold of 250 m.a.s.l. Another important challenge in modeling a complex reservoir system is the duration of the flooding event, which may vary between one week and one month. During this period of time the model is used to perform simulations of different scenarios at different scales, based on the measured and forecasted inflow river data. The forecast of the river inflows to the reservoirs is very important because of the need to operate them at high water levels, while still leaving room for additional flood storage volume, in case the upstream basin (700,000 km 2 ) increases its runoff. Operation of reservoirs at high water levels provides maximum hydraulic energy. A balance must be achieved between the need for providing as much energy as possible, while assuring a high level of protection against floods.
Third aspect in the operation of the reservoirs is the minimum environmental flow required to be released in order to achieve the ecological sustainability far downstream, at the estuarine area, near the Bohai Sea. Based on the above described challenges the complexity in modeling the operation of the Yellow River reservoir system is such that one may try to include all the explanatory variables related to the reservoirs; characteristic curves, operation rules, objective of the operation, revenue functions, cost functions, structural properties of the dams, sedimentation capacity, maintenance schedules; flow targets and thresholds in the downstream area, initial and operational state of the river and reservoirs (e.g. reservoir levels, status of gate and sluice opening); policies (local, regional and national); environmental constrains, ecology preservation, energy sustainability, economic development, population settlements and planning; precipitation for rainfall-runoff forecasting; climate variability; changes of land use and morphology during flooding events, etc. In case of considering all these variables it becomes nearly impossible to track the influence of each variable or indicator in the flooding process. The number of possible regression models describing such a system would be , where is the number of explanatory variables. Moreover, with the nowadays computer's CPU, the run time of a particular flood event is still considered to be too long (around 5 hours as compared the meeting to meeting frequency during flood season events of 6-8 hours), given the fact that decisions have to be taken every hour.
In order to better support the decision making process it is advisable to look which variables have a broader incidence on flooding. The shortcoming of such an approach is that prior knowledge of the system response to a large set of explanatory variables is needed. The present proposed inference model takes into account the availability of such knowledge, reported by YRCC (Li, 2010; Li, 2013; Wang, 2007) and conducted by previous research. The model could be an important addition to the YRCC decision making in case of extreme flooding events.
The inference model
Based on the prior knowledge of the Yellow River system (Li, 2013; Wang, 2007) , a maximum of twenty most relevant explanatory variables were identified for the estimation of flooding variables downstream of the reservoir system. The variables are of two types: input hydrographs and variables related to the operation of each reservoir.
In case of the Yellow River there are three locations where input hydrographs are applied to the reservoirs. The stored water volume in a reservoir, as well as the amount of releases, is determined by the amount of water entering the reservoir system. The variables related to the operation of the reservoirs are the maximum flood season water level of each reservoir and the minimum reservoir level (important for ecological flows and sediment management during flood events).
The development of the inference model between the operation of the reservoirs and the downstream area comprises five steps as detailed in Figure 4 . Step by step procedure for the development of the inference model The first step in the development of the inference model is a Monte Carlo sampling of independent variables such as input hydrographs and reservoir operational thresholds. Secondly releases from the reservoir are routed to Huayuankou using a physically based model approach. In the third step the resulting hydrograph at Huayuankou is used to estimate several descriptive dependent variables. Forth step comprises the correlation between the explanatory variables and hydrograph variables in order to obtain the set of the most relevant explanatory variables. In the last step a set of multivariate regression models is built and the selection of the best models, for each hydrograph variable, is based on the ANOVA method. Details of each step are explained bellow.
The Reservoir Model
In case of the reservoir operation model, the inference is sought by considering two sets of explanatory variables for each of the four existing reservoirs; the initial water level (INI%), and the maximum operational water level (MAX%). The operational management of floods and referred usually as Flood Limited Water Level (FLWL) (Li X.et al., 2010; Li S., 2008) . The explanatory variables are expressed as percentage of the maximum reservoir water level, which is the normal retention level of the reservoir and represents its maximum storage capacity. There are eight selected variables in total, two for each reservoir in the system. In order to take into account the operations that are related to an almost full reservoir, the range for INI% was set between 50 % and 99 %, while the maximum capacity of the reservoirs (MAX%) was restricted to be sampled in the range (75-100)%. In order to guarantee that reservoirs operate properly the model constraints that MAX% should be at least 1% higher than INI%.
Li (2013) states that YRCC reservoir system is operated, based on the reservoir volume at the moment of the flooding event, by applying three basic operation rules; if the reservoir is full release the input flow; if the calculated water level in the reservoir is lower than the minimum operation level, the release the minimum ecological flow (Dong, 2007) ; and between the maximum and the minimum water levels in the reservoir, the goal is to store as much water as possible.
The reservoir inference is demonstrated using synthetic input hydrographs, created with Gamma functions (Todini, 2007; Price, 2009) . While adopting the proposed procedure, YRCC can test the use of the method with real measured hydrographs or with computed design hydrographs.
The proposed inflow synthetic hydrographs are given by Equation.1, as follows:
In Equation. 1 the explanatory variables used to represent the hydrograph are four: base flow (Qb), peak flow (Qp), time to peak flow (Tp), and the skewness of the hydrograph (S K ). Discharges are measured in m3/s and time in hours. These four selected variables will result in a total of 12 explanatory variables instead of 16, because Sanmenxia and Xiaolangdi reservoirs are located in series, therefore only three hydrographs are representative for the operation.
The complete set of twenty explanatory variables is represented by the vector X, as shown in relation (2) bellow:
where -Ri is a particular reservoir; and -S, L, G and X represents Sanmenxia, Luhun, Guxian and Xiaolangdi reservoirs, respectively.
Flood Routing from Reservoirs to Huayuankou station
The reservoir releases are routed from the toe of the dam to Huayuankou station using a Muskingum-Cunge approach (Cunge, 1969; Todini, 2007) . The Muskingum-Cunge routing coefficients are computed using past flooding events and yearly data survey, performed by YRCC. The simulation period that capture major flooding events is of 100 days. The final result of the routing is a hydrograph at Huayuankou station.
Monte Carlo simulations
A set of 1,000 samples (ALL) of the 20 explanatory variables was determined after running 6,325 simulations. Each of the 1000 sample was selected as per YRCC criteria that "a critical flood event occurs when the hydrographs at Huayuankou have a peak of at least 4,000 m 3 /s " (Li, 2013) . The ALL set was used to run the integrated reservoir pool and flood routing models. The sample dataset was split in two: training (800 samples) and validation (200 samples). The sampling of the training and validation sets was done randomly using uniform probability distribution functions.
Every sample set of explanatory variables creates a time series hydrograph at Huayuankou station. Each hydrograph was characterized by five dependent variables (named hereafter "hydrograph variables"): peak discharge (HQp); time to peak discharge (HTp); average discharge (HQa); average time equivalent to the centroid of the hydrograph (HTa); and the total volume of the Huayuankou hydrograph (HVL). Measument units for the variables are: 10 3 m 3 /s for discharge, days for time, and 10 9 m 3 for volume. The set of dependent variables is a vector Y i for each obtained hydrograph, as represented in relation (3) bellow:
Variable Selection
In order to select the relevant explanatory variables for each hydrograph and flooding variable an analysis of the correlation between the explanatory variables and the resulting hydrograph variables was performed for the training group of simulations. The hypothesis of no correlation against the alternative that there is a non-zero correlation was used. The significance of the correlation was based on p-values bigger than 0.05. The new obtained subset of explanatory variables is called "selected subset" (X sel ).
Multivariate Regression
A multivariate linear regression model was developed between the vector X sel as predictor, and the hydrograph and flooding variables (Y i ) as dependent variables. For each variable in X sel a regression coefficient was estimated, using an expression as in equation 4: (4) Based on Equation 4, four types of regression models were developed; one linear (equation 4.1) and three nonlinear (equations 4.2-4.4). The simple non-linear models (power and exponential functions) were developed to be compared with non-linear models which may be of interest. 
Results and Discussion
Research results are analyzed, for each hydrograph variable, looking at two aspects; the selected explanatory variables and best regression models. Table 1 shows the results of the correlation analysis done on the initial set of 20 explanatory variables and the 5 hydrograph descriptors. As detailed in section 3.4, a reduced set of explanatory variables, represented as bold in Table 1 , is selected based on the correlation analysis. Six explanatory variables showed p-value significance for the peak discharge at Huayuankou (HQp). The peak discharge of the inflow to Sanmenxia reservoir shows the highest correlation. At Sanmenxia reservoir the time to peak discharge correlation is 0.160 and the maximum storage 0.079. At Luhun reservoir the correlation for the time to peak discharge is 0.116 and the skewness of hydrograph 0.091. Finally, the maximum level at Luhun reservoir shows correlation with HQp.
Selected explanatory variables
The time to peak discharge at Huayuankou (HTp) shows a significant correlation with seven explanatory variables. The highest correlation is with time to peak of the inflow hydrograph at Sanmenxia reservoir and the maximum inverse correlation is with the peak discharge at the same reservoir. In addition, HTp is in inverse correlation with the initial storage capacity of Xiaolangdi reservoir, which shows accordance with the physics involved in the reservoir operation. The other four explanatory variables of significance for HTp are: the maximum water levels at Sanmenxia and Xiaolangdi and the time to peak of the inflows at Luhun and Guxian.
The peak discharge and time to peak discharge at Huayuankou (HQp, HTp) have both correlation with the peak discharge and time to peak discharge of the inflow to Sanmenxia. There is also significant correlation with the time to peak discharge at Guxian and the maximum storage capacity at Sanmenxia.
For the average discharge at Huayuankou, nine explanatory variables were found to be significant. The highest correlation is for the time to peak discharge and peak discharge at Sanmenxia. In addition, HQa is also correlated to the skewness and base flow at Sanmenxia, the maximum level in Luhun, the initial level in Sanmenxia, the times to peak in Guxian and Luhun and finally to the skewness of the hydrograph entering Guxian.
The average time of the hydrograph has ten significant explanatory variables, the peak and time to peak of the hydrograph at Sanmenxia, the initial and maximum storages at Sanmenxia and Xiaolangdi, the initial storage, time to peak and peak discharge at Guxian and the time to peak discharge at Luhun. In this case the maximum correlation found was with the time to peak discharge at Sanmenxia, while the maximum inverse correlation found was with the initial storage capacity at Xiaolangdi.
The volume of the hydrograph at Huayuankou has a significant correlation to 11 of the variables, the four discharges variables at Sanmenxia, time to peak discharges and peak discharge incoming Luhun, three related with the incoming hydrograph at Guxian (except base flow) and the initial storage at Sanmenxia Reservoir. The maximum inverse correlation in this case occurs with the maximum storage at Luhun Reservoir.
The simulations shows agreement with the physical process: the quicker the largest reservoir is filled, quicker the development of the flooding event. It is interesting that the explanatory variables which belong to all the regression models are the peak discharge and the corresponding time to peak discharge of the hydrograph entering Sanmenxia reservoir. Unexpected is the relevance of the time to peak discharge of the hydrograph entering Guxian reservoir for all the hydrograph variables.
Best regression models
Twenty regression models were developed based on the selected independent variables. Five, out of the twenty models, proved to be representative for each hydrograph variable; a Linear model for the time to Peak discharge; a Log(Y) model for the peak hydrograph at Huayuankou; the average discharge at Huayuankou (R 2 = 0.810); the average time or centroid of the hydrograph; and the total volume at Huayuankou (Table 2) . Figure 5 presents the best fitted models. A cross symbol (+) is used for the training set and a square symbol ( ) for the validation set. The error boundary is represented by dash lines. 
Verification of the model selection
In order to develop a methodology of applying the proposed approach for a real case scenario new regression models were built to test whether or not the models are representative. The ANOVA of the best model for each variable is presented in Table 3 . These show that the improvement in the fitness of R 2 adj is not higher to 0.008 per extra variable included in the model. In the case of MSE the results are very similar to the ones of Table 2 , no significant reduction is observed.
If the full set of the built regression models are considered for each hydrograph variable, a total of 2 20 regressions needs to be performed, hence the selection based on correlation becomes very useful for the case of a multi reservoir system. The set of 20 explanatory variables is just a selection from many more possible variables that can influence a flooding hydrograph. An example of a particular source of uncertainty relies in the initial condition in the river. If the branches of the river were flooded from a previous event (i.e., a double peak hydrograph) the initial water stored in the channels and reservoirs would generate additional flooding at Huayankou. 
Example application for the use of the inference model
An example on how useful such a model would be in a real case situation is demonstrated below, for an interval of values of the peak hydrograph at Sanmenxia between 6,000 and 15,000 m 3 /s. The example will make use of the estimated regression parameters presented in Table 4 . The confidence interval for βˆ is 95%. The case to be solved is the constraint to have the maximum water level in the reservoir, during the flooding season, at 80%, due to the water requirements in the area. How can operators estimate the HTp (in days) for the coming flood season? The initial condition considered is that current water level at Xiaolangdi reservoir is INI%= 75%. The forecast system operators concluded that Tp of the flow hydrographs into Guxian, Luhun and Sanmenxia are 7, 10 and 25 days, respectively. The expected Tp of the flow hydrograph at Huayankou is computed based on the proposed inference model. (fig. 6 ). If the stakeholders related to hydropower needs to know what will happen if the maximum water level of Xiaolangdi is increased from 80% to 85% (see fig. 6 ) the current model would give the result within few seconds.
Moreover the examples result shows accordance with the physics of the phenomena, i.e. the higher the peak of the flow hydrograph entering Sanmenxia reservoir, the earlier will the peak arrive at Huayuankou station; and if the maximum water level in Xiaolangdi reservoir is increased then the arrival of the peak of the hydrograph at Huayankou will be delayed, due to storage capacity increase.
Conclusions
The research show that the main variables to be taken into account for the development of reservoir operation strategies in case of a flooding event, on the middle section of the Yellow River are related to the incoming hydrographs at the Sanmenxia reservoir. A correlation analysis of the use of just a set of selected relevant variables as opposed to the use of all the explanatory variables shows that it is not necessary to calculate every possible regression model with every combination of selected explanatory variables in order to obtain accurate results. In case of the considered example in section 4.2.2., for the selected 20 explanatory variables, the total number of regression models is approximately 10 6 , however just four were necessary to be analyzed for each hydrograph variable.
The best regression models for hydrograph variables were the ones for the total volume of the flood, while the worst performance models were for the peak discharge at Huayuankou. This shows the difficulty in the inference and forecasting of the later variable. These models can be used in a future research to develop confidence intervals of possible flooding responses. It is important to mention that even if the regression models present large errors for low values of the hydrograph variables, the main purpose for the use of the inference models is for extreme flooding events and not for base flows of the hydrographs. Remarkably, the peak discharge at Huayuankou station presents a low variability of the errors, while the average discharge has large variability of model error. The regression models between the reservoirs and the variables of the Huayuankou station hydrographs shows that it is possible to analyse and forecast the behaviour of a complex system such as the one of the Yellow River.
